Introduction
Many kinds of consumer goods and industrial products containing polymer materials are currently used all over the world. Toxic heavy metal elements, such as cadmium and lead, are often used as pigments or stabilizers in polymer materials. Thus, some of them inevitably contain these toxic metals to some content. A strict control of the content of these harmful metals in plastics has recently commenced as per new regulations, such as Waste Electrical and Electronics Equipment (WEEE), 1 and Restriction on the use of certain Hazardous Substances in Electrical and Electronics Equipment (RoHS). 2 Hence, much attention has been paid to accurate and highly-sensitive methods for quantitative analysis of heavy metal elements in polymers. Although an Xray fluorescence technique is very effective to determine the trace amount of metals in solid materials, it cannot give any accurate information on the total content when the target species do not exist in samples homogeneously. An ICP-AES can be used for quantitative analysis of them, if complete elution of target elements from polymer samples into the aqueous solution is successfully performed. It is well known that polyesters can be decomposed by the mixture of hot sulfuric acid and nitric acid. 3 However, the use of strong acid is unfavorable due to the troublesome disposal and hazardous operations. Supercritical water (critical temperature: 647.3 K and critical pressure: 22.1 MPa) is a dense phase and recently it has received a great attention as an environmentally friendly reaction medium. 4, 5 It has been reported that hydrolysis of polyesters 6, 7 and liquefaction of polyethylene 8 proceeds without any catalyst in supercritical water. Also, polychlorinated biphenyl can be decomposed by oxidative decomposition with supercritical water. [9] [10] [11] In this paper, we report that the supercritical water treatment achieved quantitative analysis of total content of cadmium in a polyethylene sample. A rapid determination of cadmium in plastic samples has been successfully demonstrated with this method.
Experimental

Reagents and samples
Certificated reference materials including polyethylene BCR-680 (the assured cadmium content, 140.8 ± 2.5 mg kg -1 ) were analyzed to check the validity of the proposed method. Nitric acid (60 -62% aqueous solution) and hydrogen peroxide (31% aqueous solution) were purchased from Wako Chemicals.
Instruments
Quantitative analysis of heavy metals in aqueous solution was conducted with a Seiko SPS-1500R ICP-AES. The operating parameters of the ICP system are as follows: incidence power 1.4 kW, plasma gas flow rate 16 dm 3 min -1 , carrier gas flow rate 0.4 dm 3 min -1 , auxiliary gas flow rate 0.7 dm 3 min -1 , and observing height from a torch 10.2 mm. The wave length of 226.50 nm was selected for cadmium detection. Nickel, chromium and iron, which may be eluted from a reactor, do not interfere with the measurement of cadmium by ICP-AES under these conditions. 12 Reactors for supercritical water treatment were arranged with a stainless-steel 316 tube (outer diameter 1/2 inch and thickness 2.1 mm) stopped by two caps (SS-810-C, Swagelok ® ) for both ends.
Decomposition of plastics with supercritical water and recovery of cadmium
Decomposition of BCR-680 sample in water was conducted in a 10 cm 3 tubular reactor. In a typical experiment, 50 mg of BCR-680 and 3.25 g of aqueous hydrogen peroxide solution The amount of hydrogen peroxide solution introduced was adjusted so as to create 3.0 g of water in the reactor after the decomposition of hydrogen peroxide. In this paper, the reaction time includes this heat up time. After a given reaction time, the reactor was taken out of the KNO3-NaNO3 bath and rapidly quenched in a water bath to cool down to room temperature. After cooling, the reactor was opened and a liquid product was separated from the solid residue by a membrane filter (pore size: 200 nm). The aqueous fraction was diluted with 1% of nitric acid solution to 50 cm 3 for ICP analysis.
Results and Discussion
Recovery of aqueous solution from the reactor
In this system, a loss of aqueous sample is inevitable because a small part of each aqueous solution with oxygen gas produced from hydrogen peroxide was splashed out during opening of the reactor. However, at least more than 83% of aqueous solution was recovered from the reactor. We checked the amount of aqueous solution recovered from the reactor after supercritical treatment for each run to estimate the recovery of the contents. We determined the final concentration of metals in polyethylene samples after supercritical water treatment on the hypothesis that the solutions in the reactors were completely homogeneous before opening the reactors.
Elution of heavy metals from the reactors by corrosion with supercritical water treatment
The contamination of samples with a leaching of metals from the reactor is also a concern in this method. We checked the leaching of iron, chromium, and nickel from the SUS reactors due to corrosion under supercritical water conditions. The results are summarized in Table 1 . The amount of iron leached out from the reactor increased linearly with increase in reaction time under the treatment at 573 K without hydrogen peroxide. On the other hand, the leaching of iron from the reactor was suppressed under the treatment of hydrogen peroxide at 573 K. The effect of addition of hydrogen peroxide for inhibition of iron leaching was dramatically enhanced. High temperature also gave a decrease of iron leaching. This is because a passivation film would be formed on the SUS reactor wall due to the oxidation with hydrogen peroxide or heat. 13 We confirmed that the pretreatment of reactor with hydrogen peroxide at 673 K for 60 min gave no iron leaching from the conditioned SUS reactor treatment during supercritical water even in case hydrogen peroxide was not used. These results showed that it would be important in some cases to treat SUS reactors with hydrogen peroxide before the quantitative analysis of metal from the samples obtained by supercritical water treatment of polymers.
Analysis of cadmium from polymer samples
The decomposition behavior and the concentration of cadmium in BCR-680 determined by supercritical water treatment are summarized in Table 2 . BCR-680 was not decomposed by a treatment at 573 K without hydrogen peroxide; however, a very small amount of cadmium was detected (Table 2) . A part of BCR-680 was found to be decomposed by adding 8.3 wt% of hydrogen peroxide. BCR-680 was completely decomposed and solid residues were not obtained with more than 12.4 wt% of hydrogen peroxide. The amount of cadmium in the aqueous solution fraction obtained after treatment with higher concentration (16.5%) of hydrogen peroxide was almost the same (140 mg kg -1 ), indicating that supercritical water treatment of BCR-680 with more than 12.4 wt% of hydrogen peroxide is enough for the sample pretreatment for the analysis of cadmium in polyethylene by ICP method. The result reported in this paper shows that supercritical water treatment is very effective for rapid and quantitative analysis of heavy metal contained in polymers.
Summary
We have demonstrated a simple and easy pretreatment method by supercritical water treatment of polymers for rapid and quantitative analysis of cadmium in polyethylene by ICP The concentration values that were adopted are the averages of three experimental runs. analysis. The leaching of metal from SUS reactor, which would interfere with the detection of trace amount of target metal, was inhibited by the addition of hydrogen peroxide in the system during supercritical water treatment. All of cadmium was obtained in aqueous solution from polyethylene BCR-680 by supercritical water treatment at 673 K. This method would be easily applied for rapid and quantitative analysis of the trace amounts of hazardous metal in plastics.
